A survey of polypeptides encoded by RNA isolated from the submandibular glands of members of the Muridae (species of Mus and Rattus), in conjunction with cDNA cloning, has identified a class of salivary proteins that we term "spot proteins." Although clearly homologous, these proteins show dramatic differences between species in their polypeptide length. On the basis of the sequence of the corresponding clones, it is inferred that the rat spot 1 protein has a size of 6,370 daltons (Da), whereas that of the inbred mouse spot 1 is 11,603 Da. A second component is expressed in some stocks and strains of Mus, and this spot 2 protein has a size of up to 19,2 12 Da. The sizes of the corresponding mRNAs show parallel differences, and the variation in the sizes of mRNAs in different species of Mus correlates with the pattern of speciation, the size increasing with increased relatedness to inbred mice. The spot protein sequence comprises three domains: an N-terminal domain rich in hydroxy and acidic amino acids, a central domain consisting of repeats of a g-amino-acid sequence, and a C-terminal domain that in the mouse is very basic. Variation in the number of repeats largely accounts for the differences in size between the mouse and rat mRNAs and their encoded polypeptides, and the coding sequence appears to have been expanding during speciation in the Muridae. There is extensive divergence in sequence between the mouse and rat mRNAs and their encoded proteins. The pattern of amino acid replacements and nucleotide substitutions is consistent with little, if any, selection constraint on the precise sequence of the spot proteins, suggesting that it is the overall architecture of the molecule, rather than the precise structure, that is important for function. There is strong evidence for a gene conversion event having occurred between the two mouse sequences. Frequent recombination by unequal crossing-over between spot protein coding sequences, if it occurs between active and silent genes, could account not only for the expansion in their size but also for their rapid divergence.
Introduction
An animal's oral cavity is in intimate contact with its environment, and therefore the delicate oral surfaces are potentially at risk for damage caused by environmental insults such as dessication, abrasion by ingested food, and bacterial overgrowth and infection. Of necessity, mechanisms had to evolve to mediate protection of the oral surfaces. In aquatic animals, such as fishes, this protection is mediated by mucussecreting cells in the mouth, and water itself is a major protective agent by functioning as a lubricant and by continuously flushing the oral surfaces clean. With the evolution of land-dwelling animals, the environmental water was replaced by the production of a fluid secretion, saliva. In terrestrial mammals, saliva is a pooled secretion from three major salivary glands-the submandibular, sublingual, and parotid glands-as well as from large numbers of minor salivary glands distributed under the oral mucosa (Romer and Parsons 1977, pp. 299-300) . The importance of saliva to oral protection is illustrated by humans having xerostomia, who suffer difficulty in swallowing and exhibit an increased incidence of mucosal ulceration, dental caries, and fungal infections (Fox et al. 1985) .
Evidence has accumulated to show that the protective properties of human saliva are not simply the result of fluid flow over the oral surfaces but are at least partially mediated by the major soluble components of saliva, a number of protein and glycoprotein families. The mucin glycoproteins appear to be involved in regulating and modulating the composition of the oral microflora, both by aggregating bacteria to facilitate their clearance by swallowing and by mediating their adhesion to oral surfaces such as hydroxyapatite (Gibbons and van Houte 1980; Tabak et al. 1982) . Solutions of mucin glycoproteins possess viscoelastic properties that allow a fluid coating to form on oral surfaces, thereby preventing de&cation and providing lubrication (Tabak et al. 1982) . The proline-rich proteins ( PRPs) have also been implicated in providing lubrication between tooth surfaces (Hatton et al. 1985) . Several groups of salivary proteins are believed to be involved in maintenance of mineralized surfaces, either by stabilizing the supersaturating levels of calcium in saliva or by preventing the formation of hydroxyapatite crystal outgrowth on tooth surfaces. These proteins are principally the PRPs (Bennick 1982) ) the tyrosine-rich statherin (Hay et al. 1979) ) and the histidine-rich polypeptides (Oppenheim et al. 1986 ). The last of these have also been shown to possess antifungal properties (Pollock et al. 1984; Oppenheim et al. 1986) .
Changes in the morphology of the oral cavity during vertebrate evolution allowed animals to exploit different niches and adaptive zones. In particular, the evolution of jaws and teeth in the Devonian, -425 Mya, provided a mechanism to efficiently capture and reduce food prior to deglutition (McFarland et al. 1979, pp. 138-l 39) . Further diversification in the habitats and diets of animals has been facilitated by the evolution of the tongue and by changes in the pattern of dentition. The evolution of protective salivary molecules likely constituted an important adjunct to these developments. It is reasonable to speculate that as the various vertebrate orders and genera evolved and as new species adapted to different environments and diets, the changing protective needs of the oral cavity were met by modifications to salivary protein structure that resulted in modulation of function. We decided to explore the possibility that the salivary proteins of mammals have undergone changes during speciationand that they might therefore represent a good model system for the study of gene evolution. Since it is the most successful order of mammals, at least in terms of number of species, we have concentrated our attention on the Rodentia, whose members occupy a range of environments from desert to near aquatic (Walker 1968) . In the present paper we characterize and describe the evolution of a family of submandibular-gland (SMG) secretory proteins in the Muridae. 
Material and Methods

Animals
Inbred stocks of mice were obtained from the Jackson Laboratories, Bar Harbor, Me., or from the West Seneca animal facility of Roswell Park Memorial Institute, Buffalo, N.Y. Wistar inbred rats were purchased from Hilltop Lab., Scottdale, Pa. Wild-derived stocks of mice were maintained as random-breeding colonies by V. Chapman at Roswell Park Memorial Institute. Since a number of these stocks were derived from animals trapped by R. Sage, we have used the species nomenclature proposed by Marshall and Sage ( 198 1 ) , rather than the biochemical group nomenclature of Thaler et al. ( 198 1) . The sources and geographical origins of these stocks are summarized by Dickinson et al. (1984) . Treatment of female mice with testosterone is described by Berger et al. (198 1) . Animals 2-12 mo old were used.
Male Wistar rats, 2-4 mo old, were purchased from Tacomic Farms, Germantown, N.Y.
Tissues and RNA Preparation
Murine SMGs were dissected from animals killed with carbon dioxide, and either the RNA was extracted immediately or the glands were frozen in dry ice/ethanol and stored at -70 C until used. Total RNA was extracted from glands with guanidine hydrochloride according to a method described by Cox (1968) , with modifications (Hastie et al. 1979) . For cDNA cloning, polyadenylated RNA fractions ( poly (A) + RNA) were prepared from 3 mg of SMG total RNA by oligo-dT cellulose affinity chromatography (Aviv and Leder 1972) .
In Vitro Translation and Protein Gel Electrophoresis
Total RNA (6 mg) was translated in vitro in the presence of 35S-methionine (Amersham translation grade) by using the fractionated system described by Held et al. ( 1977 ) and kindly provided by W. Held. One-dimensional sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) was performed essentially as described elsewhere (Laemmli 1970) , except that the separating gels contained 6 M urea to improve the resolution of some bands. The percentages of acrylamide+bis-acrylamide used in the gels (at a ratio of 37.5: 1) are described in the figure legends. Two-dimensional gel electrophoresis was performed according to a method described by O'Farrell ( 1975 ) . The first-dimension equilibrium isoelectric focusing gels used an ampholyte mix (LKB) of pH ranges 4-6,6-8, and 3.5-10 in a ratio of 4:4: 1 at a final ampholyte concentration of 3.6% (w/v). All second-dimension gels used a 10% SDSurea gel, as described above. All SDS-urea gels were run at -4 C at constant current. Following electrophoresis, gels were fixed with 10% acetic acid (several 30-min changes), dried onto Whatman no. 3 paper on a heating block under vacuum (Biorad), and autoradiographed.
To test the correspondence of isolated clones with messages encoding particular polypeptides, message recapture and hybrid arrest of translation experiments were performed essentially according to methods described by Piccini et al. (1982) and Paterson et al. ( 1977) , respectively.
cDNA Cloning and Total cDNA Probe Synthesis Clone pSM 443 reported in the present paper was isolated from a DBA/2J SMG cDNA library described elsewhere (Piccini et al. 1982) . To construct the libraries Evolution of Rodent Salivary Proteins 83 described in the present paper, double-stranded cDNA was synthesized from 10 p,g of poly( A)+ RNA by using the method of Okayama and Berg ( 1982) , as modified by Gubler and Hoffman (1983) ) with additional modifications. Prior to use, the RNA was denatured with 12.5 mM methylmercury hydroxide (Payvar and Schimke 1979) ) followed by treatment on ice with 70 mM 2-mercaptoethanol. In addition, human placental ribonuclease inhibitor (Bethesda Research Laboratories) at 25 U/ 100 ~1 and actinomycin D at 5 p,g/ 100 ~1 were included in the first-strand synthesis reaction. The cDNA ( 5 kg) was size-fractionated by column chromatography using an 18-cm X 0.5-cm CL-4B column equilibrated and eluted with 100 mM NaCl, 10 mM Tris( hydroxymethyl)aminomethane-HCl, pH 7.8, 2 mM ethylenediaminetetracetic acid, 0.1% SDS. As soon as radioactive material began to elute off the column, 0.5-ml fractions were collected, and an aliquot of each fraction was analyzed by electrophoresis on 1.5% agarose gels followed by autoradiography. The first l-3 fractions of the column contained material >400 bp long. Nucleic acid was recovered by ethanol precipitation and repeated washing with 70% ethanol, followed by drying. A microgram of cDNA 2500 bp was tailed with 15-25 dC residues (Land et al. 198 1) ) and a fraction was annealed to dG-tailed PstI-linearized pBR 322 (New England Nuclear) according to a method described elsewhere (Land et al. 198 1) . Escherichia coli JW355 (F-araD 139 A( ara-Zeu) 7697 AZacX 74 gaZK gaZV rpsL h&R), provided by Dr. R. Ganshow (Childrens Hospital, Cincinnati), was transformed with recombinant DNA by calcium chloride treatment (Dagert and Ehrlich 1979) , and tetracycline-resistant clones were selected by plating on LB agar plates [prepared from LB broth (Gibco) with 15 g Difco Bacto-Agar/liter containing 10 pg tetracycline (Sigma)/ ml]. For permanent storage, clones were transferred to microtiter plate wells containing 100 pl LB broth and 10 p.g tetracycline/ ml. Following overnight incubation at 37 C, 20 pl of glycerol (as cryoprotectant )/well was added. Plates were stored at -70 C.
To provide a total cDNA probe for screening the library, cDNA was synthesized from 1 l.tg of poly( A)+ RNA in a 50-~1 reaction mix as described for first-strand cDNA synthesis (Gubler and Hoffman 1983 ) , but in this step it contained only 5 PM dATP and 50 p,Ci u-~~P-~ATP. Single-stranded probe was produced by degrading the RNA by treatment with 100 mM NaOH at 65 C for 1 h.
Hybridization Analysis of RNA (Northern Analysis) and cDNA Clones SMG total RNA (15 pg) was denatured with glyoxal, electrophoresed on 1.5% agarose gels, and transferred to nylon membrane (Zetabind,@ AMF Cuno) essentially according to a method described by Thomas ( 1980) . A mixture of lambda phage DNA restriction fragments (Hind111 and Hind111 plus EcoRI) end-labeled by the IUenow fill-in reaction (Maniatis et al. 1982, p. 115) were used as size markers. Membranes were washed in 10 X Denhardt's (Maniatis et al. 1982, pp. 447-448) , 4 X SSC (Maniatis et al. 1982, pp. 447-448) , 0.1% SDS, 0.1% sodium pyrophosphate for 2 h at 65 C and were prehybridized for 45 min at 65 C in 0.5 ml/cm2 of 1 X Denhardt's, 4 X SSC, 0.1% SDS, 0.1% sodium pyrophosphate, 100 l,tg sheared, denatured salmon sperm DNA/ml. Radiolabeled probe [either the complete product of a cDNA probe synthesis or hybridization mix of nick-translated (Maniatis et al. 1982, pp. 109-112) ) denatured plasmid DNA ( 10 6 cpm / ml) at a specific activity > 10 8 cpm / ltg ] was added. Hybridization was carried out overnight at 65 C. Filters were washed at moderate stringency (2 X SSC, 0.1% SDS, 65 C). The cDNA library was screened for clones encoding highly abundant messages by replicating and growing the contents of the microtiter plates on nitrocellulose disks, followed by in situ lysis by sequential treatment with SDS and NaOH (Maniatis et al. 1982, p. 3 14) . Baked filters were hybridized essentially as described above for Northern analysis, but without carrier DNA. Filters were washed at moderate stringency (2 X SSC, 0.1% SDS, 65 C).
Plasmid Preparation and DNA Sequencing
Plasmid DNA was purified from selected clones by the alkaline lysis method (Ish-Horowitz and Burke 198 1). Cloned DNA was excised by PsfI digestion, and fragments were subcloned into the pUC13 plasmid vector to facilitate sequencing. Subclone plasmid DNA was restricted at sites in the vector polylinker and was 32P-labeled either at the 5' ends (by dephosphorylation followed by treatment with Y-~~P-rATP and T4 polynucleotide kinase) or at the 3' ends (by using the appropriate u-32P-dNTP in a Klenow fill-in reaction) (Maniatis et al. 1982, pp. 122-123 and p. 3 15, respectively) . Insert sequences were excised by digestion with an appropriate enzyme and were sequenced by the Maxam-Gilbert chemical degradation method using the AC-, TC-, and GA-specific reactions (Maxam and Gilbert 1980) . Both strands were sequenced completely, and most of each strand was sequenced in both directions. All base ambiguities were resolved.
Results
Variants in Murine Submandibular Gland Polypeptides
We began our study by searching for marked structural variation in proteins synthesized in the SMG of different inbred and wild-derived stocks of the genus Mus (mice), reasoning that such variants could represent functional variants. Our approach was to initially identify structural variants as electrophoretic differences between strains by using one-dimensional SDS-urea PAGE ( Laemmli 1970 ) and two-dimensional gel electrophoresis ( O'Farrell 1975 ) . However, since salivary proteins frequently undergo extensive posttranslational modification and proteolytic degradation, the interpretation of differences between saliva samples is difficult. To obviate these potential problems we used in vitro translation of isolated SMG RNA, followed by electrophoretic separation and autoradiography of the labeled translation products. Since several species of SMG proteins are androgen inducible in the mouse (Barka 1980) ) we compared males (or androgen-treated females) with untreated females, to allow us to identify constitutively expressed polypeptides.
The results from these experiments are summarized in figures 1 and 2 and table 1. The profile of translation products programmed by inbred strain SMG RNA is dominated by two groups of polypeptides. First, a number of androgen-inducible polypeptides clustered between 25 kD and 40 kD are relatively strongly labeled in induced animals. Elsewhere these have been shown to correspond to a family of serine proteases (Howles et al. 1984 ). Second, three or four noninducible components (pp 14, pp 34, pp 47, and pp 58 in fig. l ), depending on the strain, are by far the most strongly labeled translation products. Other translation products are relatively minor in comparison. The SMG RNA from all inbred strains examined encoded a 34&D apparent molecular weight (AM,), acidic (p1 -4.5) translation product that was strongly labeled with 35S-methionine (e.g., DBA/2J and C57BL/6J; fig. 1 ). Other inbred strains also produced a 58-kD (AM,), acidic (p1 -4.8) translation product that was strongly labeled with 35S-methionine (e.g., DBA/2J, SEA/G&l, and LG/ J; fig. l ), whereas other strains did not (e.g., AKR/ J and C57BL/6J; fig. 1 ). On the Ferris et al. 1983 ). 2B), whereas M. spretus encoded a spot 1 variant electrophoretically identical to the putative variant in M. musculus (Denmark) ( fig. 2A , and data not shown). This species failed to express a spot 2 homologue, while both M. hortulanus and M. abbotti encoded a 53-kD AM,, ~1-4.9 spot 2 electrophoretic variant ( fig. 2B ). In the distantly related M. caroli the spot 1 and spot 2 components are both smaller than those in the inbreds ( 32 kD and 40 kD AM,, respectively) but of similar charges (table 1) .
The spot 1 and spot 2 translation products of murine SMG RNA therefore displayed substantial variation in their electrophoretic pattern, a variation consistent with marked structural variation, and the pattern of this variation paralleled the speciation of the animals examined.
Isolation of cDNA Clones Encoding Murine Spot 1 and Spot 2 Polypeptide
The results presented above are consistent with the spot polypeptides displaying marked structural variation, at least variation in size. To further define the molecular basis for the variation in these components, we sought to isolate cDNA clones corresponding to their mRNAs, for use as hybridization probes and to facilitate determination of the polypeptide sequences. A full-length clone encoding the spot 1 polypeptide from strain DBA/2J has been described by Windass et al. (1984) . Although full length, this clone was only 646 bases long and encoded a polypeptide of 16,500 Da, including a secretory peptide leader sequence. The significant difference from the apparent size of 34 kD is presumably due to aberrant migration of the polypeptide. This explanation is consistent with our observation that the apparent size of the spot polypeptides varies with the electrophoresis conditions (data not shown). Further, sucrose gradient fractionation of DBA/ 25 SMG poly (A)+ RNA, followed by in vitro translation of fractions, showed that the messages for both spot 1 and spot 2 were smaller than would be predicted from the apparent size of the polypeptide (data not shown).
The spot 1 polypeptides in several of the wild-derived stocks of mice showed clear evidence for electrophoretically detectable variation, while the inbred strains showed no detectable variation. To provide a measure of the amount of hidden (i.e., electrophoretically undetected) variation in inbred-strain spot 1 sequences, we decided to isolate a spot 1 clone from another inbred strain for comparison with the DBA/2J spot 1 sequence. In vitro translation of SMG RNA (see above) indicated that in spot 2 nonexpressing strains the spot 1 message is the most abundant species. To confirm this, we prepared a total cDNA probe from SMG poly( A)+ RNA isolated from the spot 2 nonexpressor AKR/ J and hybridized it to Northern-blotted AISR/ J SMG total RNA. An -780-base message gave the strongest signal (data not shown), a result consistent with the size of the clone determined by Windass et al. ( 1984) . We therefore used this probe to screen a portion of a cDNA library constructed from the same AISR/ J SMG poly( A)+ RNA. Twenty-three clones of approximately 400 screened ( -5%) gave an intense hybridization signal in filter colony hybridization. Analysis of insert size in these clones revealed that 12 had an insert size of -650-750 bp in length and that the remainder were of various smaller sizes. Several clones of different sizes were selected at random and shown to cross-hybridize with all 23 clones detected in the initial cDNA probe screen; that is, they represent the same mRNA or a group of related mRNAs.
One of the larger clones, designated pBR MSM AKR A3.1, was chosen for further analysis. Hybrid arrest of translation and message recapture demonstrated that this clone corresponded to the spot 1 polypeptide (data not shown), and its correspondence to the clone isolated by Windass et al. ( 1984) was confirmed by sequence analysis (see below). This clone was essentially full length. Northern blot analysis of inbred strain SMG RNA showed that this cloned sequence hybridized to an -780-base mRNA transcript in all inbred strains examined and that this transcript was not androgen inducible ( fig. 3) .
A similar strategy was used to isolate a cDNA clone corresponding to the spot 2 mRNA from DBA/2J. The results from in vitro translation indicated that this was also a highly abundant message ( fig. 1) , and Northern blot analysis of DBA/2J SMG total RNA, by means of a total cDNA probe prepared from DBA / 25 SMG poly (A)+ RNA, gave two hybridization signals that were much stronger than any others (data not shown). The strongest of the pair corresponded to the expected spot 1 780-base mRNA, and the second, slightly weaker signal corresponded to an -970-base mRNA. Since the 970-base signal was absent in AKR/ J (a spot 2 nonexpressor ), it was likely that it corresponded to the spot 2 mRNA. To isolate clones corresponding to this mRNA, a DBA/2J SMG cDNA library was screened with total cDNA probes prepared from DBA/2J and C57BL/6J SMG mRNA. One clone in this screen, designated pSM 443, showed the hybridization pattern expected of a spot 2 clone: a strong signal with the spot 2 expressor (DBA/2J) total cDNA probe and a much weaker signal with the nonexpressor (C57BL/6J) total cDNA probe. Message recapture confirmed that pSM 443 corresponded to the spot 2 mRNA, and Northern analysis confirmed that this is the 970-base, highly abundant mRNA detected with the DBA SMG total cDNA probe (data not shown). However, restriction analysis indicated that the insert in pSM 443 was not full length and, further, that it had lost one PstI site and a section of an adjacent pBR 322 vector sequence.
To isolate a full-length spot 2 cDNA clone, we prepared an -500-bp PstI / SfaNI insert fragment from pSM 443 and used this as a probe to screen a second DBA/2J Evolution of Rodent Salivary Proteins 9 1
Spot mRNAs Principally Differ in the Size of Their Coding Regions
We sought to determine the relationship between the mouse spot 1 and spot 2 mRNA sequences and to establish the basis for the size variation seen between the rat and mouse spot mRNAs. To compare the rat spot sequence with those of the mouse, we isolated a cDNA clone from a male Wistar rat SMG cDNA library. As with the mouse spot clone isolation, a total SMG cDNA probe was used to identify clones carrying inserts corresponding to highly abundant mRNAs. A probe derived from the insert of the mouse spot 1 clone pBR MSM AKR A3.1 was then used to identify homologous sequences. Of the clones identified ( -4% abundance), most had an -530-550-bp insert sufficient to encode most, if not all, of the rat spot homologue. One of these, pBR RSM W A5.1, was selected for further study. Northern blot analysis (data not shown) demonstrated that this clone strongly hybridized to the -560-base message in the rat and weakly to the -780-base and 970-base messages in the inbred mouse.
The derived sequences of the three spot clones are shown in figure 5 . To simplify the discussion, the bases have been numbered from the 5'-most base (in mouse spot 1) to the 3'-most base, counting all gaps introduced for alignment. Therefore, for each sequence the base numbering is neither entirely consecutive nor equivalent to the number of bases from the 5' end. If homopolymer tails are excluded, the lengths of the spot 1 clones were 628 and 470 bases for the mouse and rat clones, respectively, and the length of the mouse spot 2 clone was 827 bases. These lengths are consistent with the sizes of the corresponding mRNAs, if an -150-residue poly (A) tail ( Sheiness and Dame11 1973 ) is assumed; and they indicate that these clones are full length or nearly so.
The mouse spot 1 sequence derived from inbred strain AKR/ J was nearly identical to the DBA/2 sequence reported by Windass et al. ( 1984) . There are four base differences (in our numbering system, the AKR/ DBA differences are as follows: T/A at position 338, A/G at 646, G/A at 821, and G/T at 832) and four apparent insertion/ deletion events ( AKR/DBA: A deleted at the 5'-most position, A deleted after 325, A inserted after 329, and ATC deleted at the 3'-most end). The absent 5'-most A residue could have occurred during cloning, but the remaining differences appear to be genuine differences in the mRNA sequences. Four of these differences produce amino acid replacements: the T/A at 3 3 8 is in a first-codon position, giving Ser / Thr, and the A/G at 646 is in a third-codon position but gives Ile/Met. The insertion/ deletion events at positions 325 and 329 have the net effect of producing a short frameshift mutation, coding Ala Asn in AKR/ J and Ser Tyr in DBA /2J.
The 5 '-and 3'-untranslated regions of all three clones described here are very similar (see below)-and similar in length-although both the rat spot 1 and mouse spot 2 5'-untranslated regions are slightly shorter than the 67-base mouse spot 1 region. We have not yet determined whether these differences arose during cloning, owing to premature termination by reverse transcriptase, or whether they represent genuine differences between the mRNAs.
The longest open reading frame for all three clones begins with a translation initiation sequence TCACCATG, close to the consensus initiation sequence CCRCCATG (Kozak 1984) , and all specify a characteristic 18-amino-acid secretory peptide leader sequence, with the putative cleavage site generating an N-terminal cysteine residue in all three proteins (Watson 1984). However, the predicted lengths of fig. 5 ) to increase the similarity. Lines drawn between the three sequences demarcate regions of similarity. Vertical lines drawn within the stippled area denote repetitive elements. UT = untranslated. The bar graphs show the number of differences/ 10 bases of aligned sequences, for the comparisons shown.
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sequence alignment, owing to the shorter mRNA, occurs at this point. The mouse spot 1 and spot 2 sequences continue their alignment beyond this region for a further 57 bases, after which spot 2 has a further 162 bases of additional coding sequence absent in the other two spot mRNAs.
The next domain of the spot coding sequences encodes the C-terminal residues (bases numbers 602-703, including the termination codon). This region is relatively A rich in the mouse mRNAs and therefore encodes a high proportion of basic amino acids. There is poor similarity between the clones in this region. With a few minor relative insertions and deletions, the 3'untranslated regions of all three clones are very similar.
The N-terminal coding domain of the clones ( fig. 5A , bases 122-364) contains a three-codon motif derived by base substitution in codons for an alanine-acidichydroxy amino acid trimer: e.g., the sequence Thr-Asn-Ser-Thr-Glu-Thr appears in mouse spot 1 and spot 2 ( fig. 5A, bases 137-l 54; fig. 5B , residues 6-l l), although there is no clear evidence for a direct repeat based on this pattern (data not shown). This domain is therefore relatively acidic and hydrophilic. In the mouse spot 2, 13 of these codons have been tandemly repeated, with a few substitutions (positions 164-202 ) .
The mouse spot 2 sequence carries nine 9-codon repeats following the N-terminal domain. In contrast, the mouse spot 1 sequence only carries the first two repeats plus three codons of the third, and the rat spot 1 sequence carries only the first two codons of the first repeat.
Rapid Mutation in the Spot Coding Regions
There are no base differences between the mouse spot 1 and spot 2 clones in their 5'untranslated and peptide leader coding sequences, and the following 14 Nterminal codons; that is, the first 155 comparable bases of the two mouse clones are identical. No other regions of such extensive identity occur between any of the clones. This pattern suggests that a gene conversion event (Baltimore 198 1) has occurred in the 5 '-end coding region of the mouse spot genes. As noted above, the last 13 of those 14 codons have been tandemly duplicated in spot 2, although the downstream copy has some differences from the copy held in common by spot 1 and spot 2 (figs. 5,6). This pattern indicates the occurrence of an unequal crossing-over in this region (Smith 1976) .
There are numerous differences between the spot clones in their nucleotide and derived amino acid sequences. When the frequency of substitutions per unit length is plotted ( fig. 6 ), two trends emerge: (1) the number of substitutions rises from the Nterminal codon to the region of extensive difference in the number of repeats and (2) the number of substitutions is relatively high when compared with the number in the 3'-untranslated region. The leader peptide coding sequence is by far the most conserved coding region; the only differences between the rat and the mouse occur in the thirdcodon position and do not affect the amino acid sequence.
Further analysis of the divergence in spot sequences was performed by the calculation of Kvalues according to the three-substitution-type model of Kimura ( 198 1) . Values of K for different regions of the clones are shown in table 2. Comparison of the noncoding regions of the rat and mouse sequences indicates a comparable rate of divergence for the 5'-and 3'-end regions. At the 3'end, the rat sequence is approximately equally divergent from both mouse sequences, which is consistent with the mouse sequences having been genetically separate from the rat for the same length of time. Since the divergence of the two mouse sequences is significantly less than their divergence from the rat, this suggests that the gene amplification that generated the two mouse sequences occurred after the rat-mouse speciation (22) (23) (24) . Assuming these figures, one may calculate values for the mutation rate k of 3.2 1-1.3 X 10v9 (5 '-untranslated end) and 4.5 + 0.9 X loo9 ( 3'untranslated end, including the polyadenylation signal, etc.) mutations/site/year when the rat and mouse sequences are compared. These figures are close to those derived by Miyata et al. (1980) for the Evolution of Rodent Salivary Proteins 97 untranslated regions of other mRNAs. If a similar rate pertains to the 3'-untranslated region of the mouse spot 1 and spot 2 genes, the time for their divergence would be in the range of 9-l 3 Mya.
Using the alignment of codons shown in figure 5B , one gets 68 comparable positions for the three sequences. When K values are calculated over this region for all three sequence pairs (table 2)) the values obtained are similar to, or even higher than, those of the noncoding regions. Confining the calculation to the best-conserved first 42 codons of the N-terminal does not markedly reduce the K values (data not shown); that is, even the best-conserved regions encoding the mature protein are as divergent as the noncoding regions. Further, when the K values of the first, second, and third codon positions are compared over these regions, their values are similar.
Discussion
In the present paper we have described the construction of cDNA clones corresponding to the most abundant mRNAs in the SMGs of two members of the Muridae family, the inbred mouse (A&s musculus) and the inbred rat (Rattus norvegicus).
For simplicity, we have described these messages as encoding spot proteins, in reference to the polypeptides seen on two-dimensional gels. Inbred and wild-derived stocks of mice can express either one or two homologous abundant spot mRNAs in the SMG, whereas the inbred Wistar rat appears to express only one. The spot mRNAs encode secreted proteins, as evidenced by the presence of a secretory peptide leader sequence. Further, those inbred mouse strains that express a spot 2 mRNA also possess a salivary protein that is absent in the saliva of nonexpressors (D. P. Dickinson and B. Taylor, unpublished observations) .
Although clearly homologous, there are substantial differences between the encoded spot proteins we have examined, e.g., the threefold difference in size between rat spot 1 and mouse spot 2. The primary structure of the spot proteins appears to have evolved, in part, from a series of tandem repeats of a 9-codon sequence. Variation in the number of repeats of these elements largely accounts for the differences in the sizes of the encoded proteins and for the observed differences in the sizes of the corresponding messages. The increases seen in the sizes of the mouse spot 1 and spot 2 polypeptides and messages occurring during speciation in Mus can be most simply accounted for by increases in the number of repeats. This hypothesis can be tested directly by isolating and sequencing cDNA clones representing the spot proteins of different species of Mus.
Several mechanisms could have been involved in the generation of the spot sequences. Short elements such as the codon trimer motif could have been generated by slipped-strand mispairing during DNA replication (Levinson and Gutman 1987) . Also involved are frequent unequal crossing-over and gene conversion events (Smith 1976; Baltimore 198 1) . Support for the involvement of such mechanisms in spot gene evolution is provided by the complete identity of the 5'-end regions of the mouse spot 1 and spot 2 mRNAs and by the presence of a tandem duplication in the N-terminal of spot 2. There would appear to be a hot spot for such amplification events located at or around position 364, since most of the differences in the number of repeats are located at this position.
The spot proteins do not differ from one another simply in the number of repeats; the sequences of these repeats show substantial intragenic and intergenic differences, and the C-terminal domains show little similarity. In these respects they differ significantly from another group of salivary proteins derived from tandem repeats, PRPs. There is relatively high conservation of repeat elements in PRPs, both when compared intragenically and when homologous family members are compared between species (Clements et al. 1985) . The pattern of nucleotide substitutions in the spot coding sequences is unusual; the relatively high rates of divergence and the approximately equal rates of substitution at the first, second, and third codon positions are all consistent with little, if any, selection pressure being exerted on the precise amino acid sequence; that is, the differences between the spot sequences appear to be selectively neutral.
It seems likely that many selectively neutral mutations can occur in proteins and that these mutations can become fixed at random in populations (Kimura 1982) ; what is remarkable in the spot proteins is the extent to which they appear to occur. How could proteins under no apparent functional constraint on their structure persist as one of the most abundant products of a gland over a period of perhaps 24 Myr (the time of the rat-mouse divergence)? This is also a minimum time; Southern blot analyses of genomic DNA from other mammals indicates that spot coding sequences could be relatively widely distributed among mammals (D. P. Dickinson, unpublished observations), suggesting that they may date back >65 Mya.
All three spot proteins analyzed in the present paper have a similar organization -in their amino acid sequence: highly hydrophilic (with a strong overall negative charge) positively charged residues clustered in the central to C-terminal region of the molecule and hydrophobic residues clustered at the C-terminal. With the algorithm of Garnier et al ( 1978) ) computer modeling of the spot protein secondary structures predicts that they are largely in a random coil configuration (D. P. Dickinson, unpublished data) . A plausible explanation for the diversity in spot proteins is that they do not have a function that requires a defined amino acid sequence. Instead, their function may be dependent on the general pattern of distribution of the predominant amino acids in the polypeptide chain, i.e., the overall architecture of the molecule. Although there is no similarity in nucleotide sequence, the spot proteins show an overall similarity to the recently described rat SMG "Glx-rich proteins" (GRPs; Mirels et al. 1987) , both in the type of predominant amino acids (hydroxy and acidic) and in the clustering of positively charged residues at the C-terminal. The GRPs are also derived from tandem repeats, and, although they are not enriched in proline, they are encoded by genes related to those of the PRPs (Heinrich and Habener 1987) . The acidic properties of the GRPs-and of some PRPs-result in a marked affinity for hydroxyapatite (Bennick 1982; Mirels et al. 1987) , suggesting a role in formation of the protective acquired pellicle that coats the tooth surface. The PRPs may also be involved in binding to tannins, potentially deleterious dietary components (Mehansho et al. 1983 ). The PRPs have also been implicated in the formation of secretory granules Robinovitch et al. 1975 Robinovitch et al. , 1980 . It is conceivable that a range of different repetitive elements could perform in these binding or packaging functions, provided they have an appropriate overall composition, thus permitting considerable diversity to evolve in the actual coding sequences.
The spot proteins in inbred Mus are encoded by a multigene family of 8-12 members (Craig et al. 1985) clustered at or near a single locus (D. P. Dickinson, unpublished observations) . Given the lack of heterogeneity in the spot proteins seen in the inbred strains, in contrast to the diversity among wild-derived stocks, it is possible that many of these gene copies are silent and therefore under no sequence constraint. Frequent recombination between active and silent genes could rapidly generate diversity in the spot protein sequences.
